Introduction
g protein-coupled receptors (gPCrs) are membrane proteins that mediate a wide range of chemical signals across the cell membrane and thereby control important physiological processes. not surprisingly, they have therefore been major drug targets (rask-andersen et al. 2011) . activation of a gPCr through agonist binding (ions, small molecules, hormones,...) induces dissociation of its cytosolic g protein, leading to downstream second messenger signalling (rosenbaum et al. 2009 ). In parallel, arrestin proteins are recruited from cytosolic pools (lefkowitz and Shenoy 2005) . They arrest coupling between g proteins and their receptor and, independently of g protein signalling, also induce clathrin-mediated endocytosis as part of a desensitization process common to gPCrs (Moore et al. 2007) . not all agonists trigger, however, the full signalling repertoire of gPCrs and there are now numerous examples of ligands that bias the receptor response either towards g protein coupling or towards non-g protein effectors such as arrestins (gesty-Palmer and luttrell 2011) . This ability of different ligands binding to the same gPCr to trigger various pharmacological outcomes is related to the diversity of conformational states in which gPCrs exist (Kobilka and Deupi 2007; Bockenhauer et al. 2011 ) and has become an attractive feature for drug discovery (Kenakin and Christopoulos 2013) .
The C-C chemokine receptor 5 (CCr5) is a prototypical gPCr for which the existence of biased ligands has been suggested (Zidar 2011; Kenakin et al. 2012 ).
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It is further an important drug target by being the major co-receptor used by HIV to infect target cells, and it can be efficiently blocked to prevent person-to-person virus transmission (Kuhmann and Hartley 2008; Karim et al. 2010) . analogues of the natural CCr5 ligand ranTeS were previously shown to efficiently prevent HIV infection (lederman et al. 2004; Hartley et al. 2004; gaertner et al. 2008a) . Interestingly, however, the pharmacological profiles of these ligands differing by only a few amino acids among the first 9 of 68 residues (Table S1 ) display large variations (Table 1) . Molecules such as ranTeS, 6P4-ranTeS, or PSC-ranTeS act like classical partial or full agonists by causing both strong g protein activation and CCr5 internalization. The increased anti-HIV potency of PSC-ranTeS over ranTeS has been ascribed to additional long-term sequestration of CCr5 inside target cells (escola et al. 2010) . On the other hand, analogues such as 5P12-ranTeS and 5P14-ranTeS display the same anti-HIV activity as PSC-ranTeS or 6P4-ranTeS but do not trigger g protein signalling and induce CCr5 internalization only partially (5P14-ranTeS) or not at all (5P12-ranTeS). It is currently not understood how these chemokine analogues all potently block HIV infection despite their very different pharmacological profiles, but stabilization of CCr5 into various conformational ensembles is likely involved. We recently characterized the effect of some of these ligands on arrestin 2 recruitment upon stimulation of CCr5 to test whether arrestin 2 mobilization could relate to their pharmacology and found that only those ligands capable of recruiting arrestin 2 also induced receptor internalization (Truan et al. 2013) .
among the arrestin protein family, both arrestin 2 and arrestin 3 are ubiquitously expressed. These proteins interact with most gPCrs and cluster around clathrin-coated pits upon gPCr stimulation (Santini et al. 2002; laporte et al. 2000; luttrell et al. 1999) . It has, however, traditionally been difficult to study the formation, the dimension, or the fate of such clusters by standard imaging procedures because of their size near or below the diffraction limit. Standard techniques applied to obtain information on biomolecular interactions such as Förster resonance energy transfer (FreT) or two-colour co-localization of differently labelled molecules by fluorescence microscopy indeed suffer from a spatial resolution limited to typically ~200 nm because of the wave-like nature of visible light. The recent introduction of super-resolution microscopy techniques has enabled to overcome this limit (rust et al. 2006; Betzig et al. 2006; Hess et al. 2006; Hell 2007 ) and opened up new avenues to resolve small objects and monitor proteinprotein interaction scales closer to the molecular resolution. Super-resolution methods based on the localization of single molecules (Fürstenberg and Heilemann 2013; Moerner 2012) have the advantage of providing not only an image (which means pixels with an intensity information) but also molecular coordinates that can be directly used in novel schemes for co-localization and clustering analysis (Sengupta et al. 2011; Malkusch et al. 2012; Owen et al. 2013; Truan et al. 2013; endesfelder et al. 2013; Specht et al. 2013) .
Clustering and oligomerization are frequent types of functionally relevant protein-protein interaction in which two or several proteins of the same kind interact together. From an analysis point of view, they are, however, only a particular case of molecular entities interacting together, so that existing co-localization analysis methods based on molecular coordinates can readily be adapted to monitor clustering processes. We present here a simple modification to a recently introduced coordinate-based co-localization (CBC) analysis method (Malkusch et al. 2012 ) that enables to evaluate the spatial distribution of a protein recorded in a single channel and provides a physical basis for setting a threshold in image-based cluster analysis. We apply CBCmediated cluster analysis to evaluate the dimension of arrestin 3 clusters upon stimulation of CCr5 by ranTeS analogues in order to test the hypothesis that these ligands induce differential arrestin 3 recruitment and relate this observation to their pharmacological profile. We further compare our results with recently obtained information on arrestin 2 mobilization by a similar set of ligands (Truan et al. 2013 ) and find that most ligands causing arrestin 2 Table 1 Functional characterization of ranTeS gaertner et al. 2008b ) and of some of its analogues (gaertner et al. 2008a) g protein signalling activity (release of Ca
2+
) and CCr5 internalization are expressed relatively to PSC-ranTeS, which displays maximal response in these assays ligand anti-HIV potency g protein signalling (%) CCr5 internalization (%) clustering also cause arrestin 3 clustering, except 5P14-ranTeS. This compound might thereby represent the first example of a ligand inducing recruitment of selectively one type of arrestin upon stimulation of CCr5.
Materials and methods
Materials, cell lines, and cell culture all cell culture reagents were obtained from life Technologies. Water was purified using a Milli-Q system (Millipore). ranTeS and its analogues were prepared by total chemical synthesis as previously published (gaertner et al. 2008a) . Plasmids pegFP-nI with bovine arrestin 3 (Mundell et al. 2000) were a gift from Jeffrey Benovic (Thomas Jefferson University). Chinese hamster ovary cells stably expressing CCr5 (hereafter CHO-CCr5) were transfected with 0.5 μg arrestin 3-gFP plasmid, and stable clones were obtained as described before (Truan et al. 2013) .
Cells were cultured at 37 °C with 5 % CO 2 in phenol-red free rPMI supplemented with 10 % foetal bovine serum, 100 units/ml penicillin, and 100 μg/ml streptomycin. For super-resolution experiments, they were plated 36-72 h beforehand on glass-bottom petri dishes (FluoroDish™, World Precision Instruments, Inc.) coated with fibronectin (Calbiochem).
Immunofluorescence
Samples for confocal microscopy and for super-resolution imaging were prepared by fixation in 4 % paraformaldehyde as previously described (Truan et al. 2013) . For superresolution imaging, samples were further stained with a gFP-specific aTTO655-labelled gFP-Trap ® nanobody (ChromoTek) (Truan et al. 2013) . When desired, samples were treated with 100 nM chemokine analogues in full medium 90 min before fixation.
Confocal microscopy
Stacks of confocal microscopy images were recorded on a Zeiss lSM700 microscope with an X63/1.4na Plan apochromat oil-immersion objective. excitation was performed with the 488 nm line of an ar/Kr laser, and gFP filters were used for detection. Maximum intensity projections as displayed in Fig. 1 were obtained using the Zen 2011 software.
Super-resolution microscopy
Super-resolution experiments were performed on a widefield epi-fluorescence microscope (Truan et al. 2013) with the dSTOrM (direct stochastic optical reconstruction microscopy) technique (Heilemann et al. 2009 ) using 640 nm excitation (~3 kW/cm 2 , Coherent Cube 640-100-C laser). Blinking of aTTO655 was induced with a 50 μM solution of ascorbic acid (Merck) (Cordes et al. 2010) in heavy water (D 2 O, 99.8 % D-atom content, armar Chemicals) (lee et al. 2013 ) prepared from a 1-mM stock solution in H 2 O. Single emitters were localized, and super-resolution images (10 × 10 nm 2 per pixel) were reconstructed with the rapidSTOrM software (version 2.13) (Wolter et al. 2010) . each pixel on the eMCCD camera (andor iXoneM+ DU8987) corresponded to a 109 × 109 nm 2 area in the sample plane.
Cluster analysis
ripley's H-function (normalized form of the K-function) (ripley 1977) was calculated as previously described (Truan et al. 2013 ) for 5 × 5 μm 2 regions of interest using a self-written MaTlaB (The MathWorks, Inc.) routine, and edge effects were taken into account by omitting molecules closer than 1 μm from the edge of the region of interest in the calculations.
Coordinate-based co-localization (CBC)-mediated cluster analysis was performed using an algorithm described elsewhere (Malkusch et al. 2012) . Because the algorithm was originally written to determine co-localization of two molecules, it requires data from two channels as an input. Our data was, however, recorded in a single channel since our goal was to measure clustering of a single species. We therefore performed pre-sorting of the detected arrestin 3 molecules into molecules that were localized in odd frames and molecules that were localized in even frames, resulting in two localization files that both contain information about the distribution of the same molecules within the range of the localization accuracy (Banterle et al. 2013; nieuwenhuizen et al. 2013) . By correlating the circular distributions of the arrestin 3 molecule, localizations from both localization lists around a single arrestin 3 molecule with each other (Malkusch et al. 2012 ), a clustering value characterizing the degree of clustering could be determined for every localization. This parameter can vary between −1 and 1, a value of 1 indicating the highest probability of clustering.
localizations with clustering values above 0.7 were kept for morphological cluster analysis (custom-written software), which was performed by applying a 15-nm gaussian filter and a binary mask to the filtered data. Cluster sizes were extracted from cohesive regions in the mask, and the area of every cluster was further weighted by the integrated fluorescence intensities within every cluster to determine the fraction of arrestin 3 molecules per cluster. Cluster radii were calculated from spheres coextensive to the measured clusters.
Results
In order to visualize arrestin 3, we stably transfected CHO cells expressing CCr5 with a plasmid for arrestin 3 carrying a gFP fusion tag (Mundell et al. 2000) . like arrestin 2, arrestin 3 proteins are randomly distributed in the cytoplasm of resting cells (Fig. 1a) . The distribution did not change when cells were exposed to a saturating concentration of 5P12-ranTeS or of 5P14-ranTeS (Fig. 1b,  c) . However, upon CCr5 stimulation with the agonists ranTeS and PSC-ranTeS (Fig. 1d, e) , arrestin 3 molecules were recruited from the cytosolic pool to the plasma membrane where they formed clusters (laporte et al. 2000) with dimensions around the diffraction limit, making it difficult to investigate their morphology in a robust way by classical microscopy techniques.
We, thus, turned to super-resolution microscopy so as to quantify the magnitude of arrestin 3 recruitment by determining the size of these clusters and the relative number of arrestin 3 molecules within each cluster, using an approach that we recently successfully applied to the investigation of arrestin 2 clustering and that relies on dye-labelled nanobodies selective for gFP (Truan et al. 2013; ries et al. 2012) . Super-resolution images of arrestin 3 were obtained in untreated cells and in cells exposed to the different chemokine analogues (Fig. 2a-f, Fig. S1 ). Images of cells treated with no ligand, with 5P12-ranTeS, or with 5P14-ranTeS display mainly individual proteins and small clusters, whereas much larger clusters are frequently visualized in cells stimulated with ranTeS, 6P4-ranTeS, or PSC-ranTeS. In order to quantify clustering, we calculated ripley's H-function from the single-molecule coordinates obtained in the super-resolution experiment (Fig. 2g) . This function is a straightforward way of characterizing the randomness of a spatial distribution. Positive values indicate that molecules are closer to each other than if they were homogeneously distributed, which denotes clustering, and the value at which the function peaks is indicative of the average cluster size (its value is comprised between the average cluster radius and diameter). Displacement of the peak to larger values with ranTeS, 6P4-ranTeS, and PSC-ranTeS compared with untreated cells, but not with 5P12-ranTeS or 5P14-ranTeS, confirmed that the former 3 ligands selectively induce strong arrestin 3 clustering.
We next aimed at quantifying the dimensions of arrestin 3 clusters by image-based analysis of the super-resolution data endesfelder et al. 2013; Truan et al. 2013) . The goal of such analysis is to generate from each super-resolution image a binary cluster map in which every cohesive region represents a cluster whose size can then be determined by integration. Creating a binary map from a super-resolution image, which contains intensity information, requires, however, the application of an intensity threshold to the dSTOrM image to define cluster boundaries. In order to identify which localizations are part of a cluster based on a clustering parameter that can be calculated, we adapted an algorithm originally developed to assess co-localization from single-molecule coordinates (Malkusch et al. 2012) , considering that clustering is only a special case of co-localization in which all the information is collected in a single colour channel instead of two. Our coordinate-based co-localization (CBC)-mediated clustering algorithm (Fig. 3a) splits the list of coordinates obtained from a dSTOrM experiment (which is also used to reconstruct super-resolution images such as in Fig. 3b, c) into two, as if the data had been recorded in two channels, and calculates a clustering value for every localization, which takes into account its direct neighbourhood (for details, see "Materials and methods" section). This clustering value can vary from −1 for anti-correlated distributions through 0 for uncorrelated distributions up to 1 for perfectly correlated distributions, which would indicate a high probability of clustering. It was previously shown for co-localization analysis that overlaying two identical images with a translational shift of 10 nm results in the largest fraction of the distribution of co-localization values (analogous to the clustering values here) being above 0.7 (Malkusch et al. 2012) . given the typical localization precision in our super-resolution experiments of about 20 nm, we used a minimal clustering value of 0.7 as a threshold to consider a localization as being part of a cluster and filtered out localizations with a clustering value below this threshold. CBC-mediated clustering images (Fig. 3d,  e, Fig. S2 ) in which localizations with a clustering value above threshold are displayed in green and those below threshold in red show that rejected localizations mostly either form a cloud-like pattern throughout the cell indicative of single or spurious localizations or can be found at the edges of higher intensity clustered areas, thereby defining the border of clusters.
after application of the CBC-mediated clustering filter to all images, cluster maps were extracted (Fig. 3f, g,  Fig. S3 ) by applying a 15-nm gaussian blur filter, reflecting the finite experimental localization precision (for this reason, the clusters in the binary map, Fig. 3g , appear slightly larger than in the filtered image, Fig. 3e ) (Smith et al. 2010) . The area of each cohesive region was then calculated and weighted by its integrated fluorescence intensity to gain information on relative arrestin 3 molecule numbers per cluster. Figure 4 shows for each chemokine analogue the fraction of arrestin 3 as a function of cluster size. Cluster radii were calculated from spheres coextensive to the measured cluster area. In untreated cells, most arrestin 3 molecules were found in domains with a radius smaller than 120 nm, and no significant change was noticed when cells were exposed to either 5P12-ranTeS or 5P14-ranTeS, in agreement with the confocal microscopy observations (Fig. 1) . The fact that clusters, albeit of small size, are observed for these three conditions for which one could expect to find arrestin 3 homogeneously distributed throughout the cytoplasm can be ascribed to an average number of fluorophores per nanobody higher than one (1.5), to multiple detection of the same molecules due to fluorophore blinking, and to the experimental scheme requiring fluorophores to be first put into a dark state at the beginning of the experiment, inevitably leading to random but non-uniform photobleaching of dye molecules before the start of the acquisition. Similar observations were previously made with arrestin 2 (Truan et al. 2013 ). On the other hand, upon treatment of the cells with the agonists ranTeS, 6P4-ranTeS, or PSC-ranTeS, the largest fraction of arrestin 3 molecules was found in clusters with a radius larger than 150 nm, confirming that these ligands that are all classical agonists (that is, they cause g protein activation) lead to strong clustering of arrestin 3 via CCr5.
Discussion
We have quantitatively investigated the recruitment of arrestin 3 to CCr5 using single-molecule localization microscopy and morphological cluster analysis after stimulation of the receptor with different chemokine analogues. We observed that a saturating concentration of the ligands ranTeS, 6P4-ranTeS, and PSC-ranTeS, which induce both g protein signalling and lead to receptor internalization, induced strong arrestin 3 clustering (Figs. 1, 2) , whereas no arrestin 3 recruitment above background level was observed with 5P12-ranTeS and 5P14-ranTeS, two ligands that do not activate the g protein and induce no or only partial receptor internalization (Table 1) . In order to extract quantitative information from the super-resolution experiments, we introduced a coordinate-based clustering filter derived from a coordinate-based Fig. 3 a Flow chart of CBC-mediated cluster analysis. In CBC-mediated cluster analysis, the table of localizations from the dSTOrM experiment, which is used to reconstruct super-resolution images b, c is split into two equally long tables of coordinates. a clustering value (CV) is calculated for every localization. localizations with a clustering value below a 0.7 threshold are discarded. The others are kept to reconstruct a CBC-mediated clustering filtered image which is then blurred with a gaussian filter to take into account the finite localization precision of the experiment. The resulting binary image (f, g) undergoes morphological analysis for cluster sizes and relative molecule numbers from every cluster to be extracted. b, c Super-resolution images of a cell exposed to 6P4-ranTeS. d, e CBC-mediated clustering filtered images in which every localization with a clustering value below threshold is displayed in red and with a clustering value above threshold in green. f, g Binary cluster maps extracted from the blurred CBC-mediated clustering filtered images. The yellow box in b represents the area blown up in c, e, and g. Scale bar 5 μm in b, d, f; 0.5 μm in c, e, g Fig. 4 Distribution of arrestin 3 molecules as a function of cluster size determined from CBC-mediated morphological cluster analysis co-localization analysis method (Malkusch et al. 2012) . It enables to sort localizations based on a calculated clustering value that takes into account the spatial distribution around every localization and that can be used as a threshold for image-based cluster analysis (Fig. 3) instead of relying on a visually set manual threshold. We successfully applied this filter to the determination of arrestin 3 cluster sizes and arrestin 3 distribution within these clusters. In agreement with qualitative observations, we found that the largest fraction of arrestin 3 molecules was recruited to domains with a radius of 150 nm or larger with ranTeS, 6P4-ranTeS, and PSC-ranTeS, whereas the distribution stayed unaltered with 5P12-ranTeS and 5P14-ranTeS compared with cells not exposed to chemokine analogues for which the domains are mostly smaller than 120 nm in radius (Fig. 4) .
The finding that, within the tested set of ligands, only classical agonists induce arrestin 3 clustering might suggest a link between arrestin 3 recruitment and g protein activation. The magnitude of arrestin 3 recruitment, calculated as the fraction of molecules found in clusters larger than 100 nm relatively to the control experiment (no ligand) and the maximal response (here 6P4-ranTeS), indeed correlates well with the relative magnitude of g protein signalling (Fig. 5a, red crosses) . This conclusion differs from our recent observations on ligand-induced arrestin 2 clustering (Truan et al. 2013) , where a connection between arrestin 2 clustering and CCr5 internalization had been established (Fig. 5b, blue circles) . arrestin 2 and arrestin 3 have been found to be interchangeable with respect to their function in many instances, in particular regarding receptor desensitization and internalization (Pierce and lefkowitz 2001). In the case of CCr5, aramori et al. (1997) demonstrated that both arrestin 2 and arrestin 3 are sufficient (in conjunction with g protein-coupled receptor kinases) for the chemokine agonist MIP-1β/CCl4 to induce CCr5 internalization, with arrestin 3 being slightly more efficient than arrestin 2. Functional differences between the two homologues depending on some particular gPCr have, however, also been described (Pierce and lefkowitz 2001). arrestin 3 has, for example, been shown to induce β 2 -adrenergic receptor internalization upon binding of the full agonist isoproterenol 100 times more efficiently than arrestin 2 (Kohout et al. 2001) .
With CCr5 and the tested set of ligands, differences in the relative magnitude of arrestin 2 and arrestin 3 recruitment are actually minor but for one case: ranTeS and PSC-ranTeS, which induce strong arrestin 2 clustering, also lead to strong arrestin 3 clustering, and 5P12-ranTeS does not cause mobilization of either of them; 5P14-ranTeS, however, appears capable of mediating selectively clustering of arrestin 2, not of arrestin 3. One caveat to this observation is the background clustering detected in our assay (cells not exposed to any ligand), and one cannot totally exclude that 5P14-ranTeS elicits an arrestin 3 response, which is too weak to be measured. This background level is, however, not significantly different from what was observed with arrestin 2 (Truan et al. 2013 ). 5P14-ranTeS might, therefore, represent the first CCr5 ligand that is biased for one arrestin over another or g proteins, which would only hint again (gaertner et al. 2008a; Truan et al. 2013) to the ability of this molecule to stabilize The magnitude of arrestin recruitment was calculated by comparing the fraction of arrestin 3 molecules found in clusters larger than 100 nm (Truan et al. 2013 ) compared with the control level (0 %), which is defined by observations in untreated cells. arrestin 2 data were taken from (Truan et al. 2013) and reanalyzed with the CBC-mediated cluster analysis for proper quantitative comparison (differences for the values obtained by CBCmediated cluster analysis to the originally published values lie within experimental errors and thus revalidate the visually set threshold values used before) a very special set of CCr5 conformations in comparison with other ligands. Biochemical experiments or other biophysical assays based on the bioluminescence resonance energy transfer (BreT) technology (Bertrand et al. 2002) might be able to provide a more definitive answer to this question in the future.
